Abstract-The present paper addresses heat and mass transfer between a permeable wall and a fluidsaturated porous medium. To assess the effect of wall suction or injection on sensible heat transfer, a stagnant film model is developed. The model yields a thermal correction factor accounting for the effect of wall transpiration on heat transfer. In order to apply this correction factor, neutral (or zero mass transfer) heat transfer rates must be specified. In the past, for a large number of practical situations heat transfer correlations have been obtained with the boundary layer model, which are summarized here.
INTRODUCTION

FORCED,
mixed, and free convection flows and heat transfer in fluid-saturated porous media are encountered in many geophysical and engineering applications.
Geophysical applications are thermally enhanced oil-recovery, energy storage, pore water convection near salt domes (for the storage of nuclear wastes) and movement of contaminants in ground water. Some of the direct technological examples of heat transfer in porous media are drying processes, powder metallurgy, transpiration cooling, insulation of buildings and pipes, and chemical catalytic reactors.
This wide spectrum of interests has led to a large volume of investigations in this field in the last 50 years. Most investigations issue from Darcian fluid flow, named after Darcy [l] , which is extended with nonisothermal buoyancy effects by invoking the Oberbeck-Boussinesq approximations.?
The possibility of free convection in a porous material was first pointed out by Horton and Roger [5] Cheng and Minkowycz [14] , Cheng [15, 161, Renken and Poulikakos [ 17, 181 and Lai and Kulacki [ 191. t Though these approximations are generally attributed to Boussinesq [2] , they were originally set out by Oberbeck [3] . A historical review is found in Joseph [4] .
All mentioned studies concerned flow in a porous medium bounded by a flat impermeable wall. In some practical cases however, fluid injection or withdrawal (or suction) though the wall is encountered.
From a geothermal power plant, for example, the residual hot water is usually disposed of via subsurface injection wells which can be modeled as a permeable wall. The effect of wall transpiration on flow in porous media and convective heat transfer has been examined numerically by Cheng [20] , Minkowycz et al. [21] and Lai and Kulacki [22] .
A powerful approach for describing the effect of wall transpiration on heat transfer is offered by the classical film model. This model provides general analytical expressions, the so-called correction factors, which can be applied to any system of importance. In the past these film model correction factors have been successfully used to predict the effect of surface mass transfer on free fluid transport phenomena. Recent reviews of the film theory are found in Bannwart [23] , Bannwart and Bontemps [24] , Brouwers [25] and Brouwers and Chesters [26] .
To the author's knowledge, the film model has never been derived and employed on convective heat transfer between a permeable wall and a fluidsaturated porous medium. Hence, from an analysis of a porous film a correction factor for the effect of wall transpiration on heat transfer is derived. Furthermore, this correction is applied to forced, mixed and free convective flow along vertical and horizontal plates embedded in a porous medium (mixed convection constitutes the interface between pure free (or natural) and pure forced convection).
Next, the impermeable wall Nusselt number correlations are summarized: provided by the literature. These correlations are needed in order to apply the film model correction factor. Subsequentiy, the predictions of the compact film model expression are compared with the permeable wall results of Cheng [20] and Lai and Kulacki [22] , which proceed from a numerical similarity solution of the continuity, the momentum (Darer) and the energy equation.
POROUS FILM MODEL
Consider a film consisting of a fluid-saturated porous medium next to a permeable wall (Fig. I ). Through this film there is a transport of Auid which is injected or withdrawn through the wall. Neglecting viscous dissipation, heat sources, radiation and considering a steady situation the energy equation of this film reads :
At the wall the temperature reads :
At the opposite side of the porous layer the bulk temperature attained is :
Solving equation (I) and applying boundary conditions (2) and (3) yields the temperature profile in the film : The heat transfer from the fluid-saturated medium to the wall is described by Fourier's law as :
wherein equation (4) has been inserted. In equation (6) the following factor has been introduced :
For heat transfer from medium to wall without wall transpiration (i.e. v, -+ 0 or & -+ 0) @+irn tends to unity. Note that this factor is analogous to the expression derived from the customary pure fluid film model, where this factor is referred to as the Ackermann correction [25] . In the case of convective heat transfer, according to the film theory approach, the actual local Nusselt number, denoted by Nu,, in the presence of mass transfer follows from multiplying the zero mass transfer (or neutral) Nusselt number, denoted as NUT, by @.film :
The thermal film thickness is then taken to be as : where x is a coordinate along the wall (in the direction of flow). The local-impermeable plate-Nusselt number depends on the convective system considered. Some frequently occurring cases are discussed in the following section.
One can readily conclude from equations (5) (7)- (9) that, following the film model, the effect of a surface mass flux on heat transfer can be assessed in a relatively simple way. Furthermore, though the presented analysis is based on an imposed wall mass flux, the same correction factor will follow when the mass flux originates from diffusion. Hence the correction factor derived here can be applied to porous media with heat transfer in the presence of a diffusional mass flux (by wall condensation or evaporation) as well.
IMPERMEABLE PLATE NUSSELT NUMBERS
In this section Nusseit number correlations are summarized for forced, mixed and free convective heat transfer to both vertical and horizontal impermeable plates. These correlations are the results of investigations of previous researchers. All analyses were based on a numerical analysis of Darcian flow in a saturated porous material with invoked boundary layer conditions. The fluid was considered to conduct as Newtonian and incompressible.
For forced convection over an impermeable plate embedded in a porous medium the local neutral Nusselt number reads :
see Cheng [ 151. The constant factor on the right-hand side of this equation depends on the wall temperature and temperature distribution. For constant fluid velocity along an isothermal plate it amounts to 0.5641, in the case of constant heat flux it has a value of 0.8540. For combined forced and free convective flow along a horizontal or vertical impermeable surface in a porous material the local Nusselt number depends on both the Peclet and Rayleigh number. For a horizontal plate it reads :
see Cheng [16] and for a vertical plate the Nusselt number follows from :
The constant in equation (11) Lai and Kulacki [22] equation (20) equation (21) equation (7) equation (22) fore, for the above mentioned cases, also imply an agreement between film model and practice.
FORCED AND MIXED CONVECTION ALONG PERMEABLE PLATES
The film model correction for the effect of mass transfer on heat transfer is compared with the results of previous investigators.
All these foregoing studies concern forced and mixed convective boundary layer flow over flat vertical plates embedded in porous materials with imposed transpiration.
The effect of mass transfer through a permeable horizontal plate in a porous medium on pure forced and mixed convective heat transfer has been investigated by Lai and Kulacki [22] . These investigators obtained similarity solutions for the special case where the surface temperature : t,* = t, +c',.u'. Following ref.
[22] these values correspond to a constant heat flux problem. In Table 1 also &, and 0 ,,,,,,,, are included, determined with equations (21) and (7), respectively.
The relative difference between film model prediction and similarity solution is assessed by:
which is also included in Table 1. Table 2 has same properties listed, but now for i. = 2, m = I and n = 0. These values correspond to the case of constant transpiration velocity, see equation (16). Tables 1 and 2 indicate the excellent predictions of the effect of mass transfer on heat transfer by the film model. The relative difference between film model and numerical results in ref. [22] , governed by E,,, is less than 5% for ]&rcl 6 0.5642. A similar accuracy has been obtained by Mickley tit ul.
[27] for forced convective boundary layer flow over a flat permeable plate.
As said above, Lai and Kulacki [22] examined combined forced and free convection over a horizontal plate with wall transpiration as well. In Table 3 their mixed convective O'(0) and resulting O,,hmc are tabulated for i = 1,'2, PI = 0 and n = -l/2 and Rayi PC,' ' = I, implying a constant wall heat flux. Ra,/ Pr: ' = I concerns a situation where both the pressure gradient and the buoyancy gradient contribute to flow and heat transfer to a similar extent. Hence, this ratio corresponds to a true mixed convection problem. In Table 4 Tables 3 and 4 illustrate again the accurate predictions of the basic film model with respect to the effect of surface transpiration on mixed convective heat transfer between a fluid in a porous material and a flat horizontal plate.
A similar analysis has, to the author's knowledge, not been carried out yet for mixed convection over vertical plates. Consequently, no numerical results of this case are available to compare the film model with.
FREE CONVECTION ALONG PERMEABLE PLATES
Free (or natural) convective flow along permeable plates embedded in a porous material has been inves- (20) equation (21) equation (7) equation (22) .fi Cheng [20] studied the effect of the lateral mass flux on free convective boundary layer flow along a vertical plate in a porous layer. Similarity solutions were obtained, the temperature (equation (15)) and transpiration velocity (equation (16) (5), (9), (14)- (16), (23) dt 1 and equation (16) The tables disclose that the general agreement between film model and similarity solution is good, and highest for suction (i.e. ,f, > 0, #,,,,, > 0). Note that a comparable agreement between film model and numerical results was found by Brouwers [28] for free convection along a permeable vertical plate placed in a viscous fluid.
Minkowycz et al. [21] and Lai and Kulacki [22] investigated the effect of surface mass flux on free convection flow adjacent to horizontal plates. The former investigators obtained numerical solutions with a local non-similarity method in the case of constant surface mass flux and various power-law variations of the wall temperature, see equation (10). Lai and Kulacki [22] showed that similarity solutions are permitted for :
which is equivalent to equations (18) and (19). For several dimensionless surface mass flux parameters fW the dimensionless temperature gradient at the wall O'(0) as obtained with the similarity solution method. The correction factor for the effect of mass transfer on heat transfer is defined by equation (20) which is comparable with the film model correction factor. [22] equation (20) equation (21) equation (7) equation (22 Table 5 . Numerical results of Cheng [20] and the film model for the eH'ect of transpiration on free convective heat transfer to a vertical plate (t, is constant) Cheng [20] ~-~ ~~~-equation (20) ;iY y--;@""'
equation (25) equation (7) @,\,>, _dJt .ill< 0, ,,I!_ - 
_~.
Cheng [20] ~~~ ~-~~ equation (20) equation (25) equation (7) equation (22 The dimensionless properties ,fi and &hnc are model and numerical results was found by Brouwers related by equation (21). This relation follows readily [29] for free convective heat transfer to/from a horifrom combining equations (5), (9) (13), (15). (16).
zontal permeable plate in a viscous fluid. (26) and equation (13) of ref. [22] .
In Tables 8 and 9 various ,fi? O'(0) and Ot,hnc are listed, as well as the corresponding CJ~,.~"< and @film,
MEAN HEAT TRANSFER
for i = l/2 (constant heat flux) and 1. = 2 (uniform In the foregoing the attention has been focused on transpiration), respectively. The tabulated small Ehnr the effect of mass transfer on local heat transfer bedisclose again that the film model and similarity solutween the porous medium and wall. In what follows the tion agree very well. A similar agreement between film effect on mean heat transfer is analyzed in some detail. Lai and Kulacki [22] equation (20) equation (21) equation (7) equation ( (20) equation (21) equation (7) equation (22) The mean Nusselt number is defined as :
According to our film model, equation (27) (21) and (25) .
Accordingly, in the case of constant fW and 4t the mean heat transfer coefficient simply follows from multiplying the mean neutral heat transfer coefficient by the (constant) film model correction factor O,.film.
CONCLUSIONS
In this paper a film model has been derived for and applied to convective heat transfer between a flowing fluid in a porous medium and an adjacent permeable wall. This film model yields a relatively simple correction factor for heat transfer Ot,6,m. In order to apply this correction factor one needs to know the neutral (or zero mass transfer) heat transfer correlation.
In the third section available data on neutral Nusselt numbers are amply summarized. Next, the film model predictions have been extensively compared with existing theoretical results concerning heat transfer in the presence of suction or injection. These foregoing studies were based on boundary layer models and whereby the obtained set of self-similar equations was solved numerically.
The results illustrate the substantial effect of a surface mass flux on heat transfer. For an injection rate of c$, = -0.5 for instance, convective heat transfer is already reduced by about 20%. For a fluid withdrawal level of 4t = 0.5, heat transfer is enhanced by about 25%. The film model appeared to correlate within 13.1% with the boundary layer model data for 14,] < 0.4537. These values apply to mixed convective flow along horizontal plates, and pure forced and pure free convection along both vertical and horizontal plates (data on mixed convection about vertical permeable plates are not yet available). These problems and stated 4, range extend well beyond a large number of practical applications.
Furthermore, it was demonstrated that for the selfsimilar situations considered, the mean Nusselt number in the case of wall mass transfer simply follows from multiplying the neutral (or impermeable wall) mean Nusselt number by the (constant) film model correction factor Ot,fi,m.
Though attention was restricted here to flat hori-
